Abstract. Although many craters expose material of a composition different from that of the local surroundings, Bullialdus has excavated material representing three distinct stratigraphic zones that occur in the upper 6 km of crust, the top two of which are gabbroic and the deepest of which is noritic. This three-component stratigraphy at Bullialdus provides strong evidence that the lunar crust includes pockets of compositionally layered material reminiscent of mafic layered plutons. When combined with previous information on the compositional diversity at other large craters, these remote analyses obtained in a geologic context substantially stretigthen the hypothesis suggested from lunar samples that plutons play an integral role in lunar crustal evolution.
Introduction
The lunar crust formed within the first few hundred million years after the origin of the Moon about 4.5 billion years ago. Once formed, this primordial crust appears to have been altered largely by the cumulative flux of large and small bodies impacting the surface at high velocity creating craters, basins and a suite of impact debris (e.g. see Taylor, 1982; Wilhelms, 1987 ). An unknown amount of endogenous or reprocessed material was also involved in lunar crustal evolution during the first billion and a half years, the most readily recognized of which are the dark mare basalts that fill lowlands (dominantly on the near side) and account for approximately 17% of the lunar surface (Head, 1976) . A growing number of "pristine" rock fragments, thought to represent original crustal material, have been identified in the sample collection (e.g. see Warren, 1985) . Compositional and petrographic relations among these samples suggest that not only did a major differentiation event occur soon after formation of the Moon (the "magma ocean"), but that unmapped plutonic activity contributed significantly to early crustal evolution. The focus of the following discussion is on related implications of compositional variations of the crust with depth that are inferred from remote compositional analyses obtained in a geologic context. Although the stratigraphy of the lunar crust has not been sampled directly, large impact craters can be used as probes to the interior. From a combination of laboratory experiments and studies of terrestrial impact craters, it is known that during an impact event material derived from different stratigraphic depths are deposited in a regular pattern around the crater and the depth of material excavated by a crater scales with the diameter of the crater. Maximum excavation depth is roughly 1/10 the crater diameter, and central peaks formed by dynamic rebound represent material from the greatest depth (e.g., see Melosh, 1989) 
Bullialdus was thus targeted for additional measurements.
Near-infrared reflectance spectra for 9 small areas in the Bullialdus region were obtained using the 2.2 m telescope of Mauna Kea Observatory. The location of these areas are shown in Figure 1 . Although some of the data have lower signal to noise than others, three distinct types of material excavated by the crater can be identified from the scaled reflectance spectra summarized in Figure 2 . Although different in detail, all spectra show absorption bands near 1 and 2 gm indicating the presence of pyroxene of some composition. For most lunar spectra, diagnostic mafic mineral absorption bands are superimposed on the overall red-sloped lunar continuum, and continuum removed spectra (spectrum/continuum) are used to evaluate the character of The spectrum for Bullialdus' central peak exhibits a strong symmetric absorption band implying the material excavated was relatively crystalline (as opposed to highly brecciated or glass-rich as is commonly observed elsewhere, such as at Apollo 16). The band center occurs near 0.93 and indicates low-Ca pyroxene is the dominant mafic component. This is the deepest material excavated at Bullialdus (from -6 km) and is of a distinctly noritic composition.
Materials exposed on the south wall and rim are from upper stratigraphic zones and exhibit markedly different spectral characteristics. Absorption bands are slightly subdued and, more importantly, occur at longer wavelengths than those of the central peak. The band center for wall material occurs near 0.98 gm indicating high-Ca pyroxene is the dominant mafic mineral and the composition thus has gabbroic rather than noritic affinities. The weaker band strength could be due to a more brecciated material or lower abundance of pyroxene than that for the central peak, but is most likely simply an indication that development of agglutinate-rich soil has been more successful on these terrains since crater formation.
The spectrum for the north rim is similar to that of the wall except for two important distinctions: the band center is at slightly longer wavelengths and the band is broader. These characteristics imply an additional mafic component is present with Ca-rich pyroxene. This could either be a significant component of Fe-bearing translucent glass or of olivine.
Continuum removed spectra for areas in the Bullialdus
region that fall into these three distinct groups are shown in Figure 3 . Spectra for the noritic central peak were measured on two independent occasions. The repeatability of the spectra is excellent and provides confidence in the overall quality of the data. Spectra for all four areas on the interior wall of the crater are remarkably similar in absorption band characteristics and hence share a similar gabbroic composition. Even the area most likely to be contaminated by a Tycho ray (W Wall) shows only minor deviation from the group as a whole. On the other hand, the distinctive spectral characteristics exhibited 2.00 ' ' by the north rim area are also exhibited by two other areas, although the precision of the data is less than that for the wall spectra. All three areas of this second gabbroic group are located on the rim or slightly exterior to the crater. The spectral properties of material excavated by Bullialdus thus form three distinct compositional groups that are highly con'elated in a regular spatial pattern centered around the crater. The compositional stratigraphy of this region suggested by the observed concentric pattern is two gabbroic units overlying a crystalline noritic unit which extends to at least 6 km depth. The uppermost gabbroic unit is distinguished by a glass-or olivine-rich composition.
Regional Implications
Since the compositional data presented here provide an assessment of materials at Bullialdus with partial, but not total spatial coverage, it is currently unknown whether additional compositional units exist at the Bullialdus site or how sharp the boundaries are between units. Several geologic interpretations of the origin of the three-component compositional stratigraphy at Bullialdus are possible from the data available, although not all scenarios are equally probable.
Humorurn ejecta. Because of its proximity to the Humorum basin, the Bullialdus site would be expected to contain deposits from the Humorurn basin. In this scenario, the lower noritic unit could represent local highland crust (consistent with noritic highland regions) and the upper two gabbroic units could represent Humorurn deposits, the uppermost perhaps containing a higher concentration of impact melt glass. The principal difficulty with this scenario is that such a gabbroic compositional characterization of Humorurn deposits is in disagreement with observations of exposed highland material surrounding the Humorurn basin which instead are quite consistent with noritic feldspathic breccias (Pieters et al, 1975; Lucey et al., 1991) . Although no singular piece of evidence is conclusive, the combined data are highly suggestive of a concentration of lunar plutons on the western nearside. A detailed global survey of the spatial relations of materials excavated by large impact craters is eagerly awaited in order to evaluate the character and abundance of plutons across the Moon and thereby to develop a more accurate understanding of early crustal evolution.
